Changes from VIZ to Vaisala in U.S. radiosondes resulted in apparent upper-air climate shifts that vary with season, elevation, and region. Other recent U.S. radiosonde changes are documented. | of radiosondes worldwide and Gaffen (1996) compiled known changes in radiosonde instrumentation and reporting practices up to 1993. Elliott and Gaffen (1991) reviewed the radiosonde history of the NWS with an emphasis on moisture data. These studies considered effects of changes in recording and data processing as well as instrument changes.
T he detection of any climate change, whether due to human activity or natural changes, depends inter alia on the stability of the observing systems. Upper-air climatology is less well known than conditions at the surface but it is as important for understanding climate and its changes. Reliable upperair radiosonde records begin only after about 1945 but even reconstructing this climate during the last half century is difficult because radiosonde observations have been made with a greater variety of sensors and devices than surface observations. Furthermore, radiosonde data handling techniques have changed substantially over the roughly 5 decades of their routine use. In this note, we examine one particular change in the United States National Weather Service (NWS) upper-air instrumentation in the 1990s: the switch from VIZ to Vaisala radiosondes at some of its upper-air stations at the end of 1995, calling attention to impacts of this change on climate analysis. This is not the only change in NWS upper-air techniques that has occurred recently, however. In Table 1 we list the systemwide changes in NWS procedures since 1988; this table extends further the list of changes in both radiosondes and data processing that was recorded in Elliott and Gaffen (1991) and extended by Trenberth (1995) . Furthermore, in the appendix we list changes since 1988 of the type of radiosonde used at individual stations, and in the locations of NWS stations. In the past, documentation of these changes was often limited to internal NWS reports, which are less accessible. Information on the NWS upper-air program, including the current network, is now available on NWS Web pages and we want to bring this to the attention of interested researchers (see appendix).
There have been several reviews of radiosonde changes and their possible effects on the climate record. Changes in radiosonde instrumentation can be associated with a shift in the mean of the temporal data record at a station, implying there is a systematic bias between the two instrument types. Because such a shift is intertwined with natural variability on many timescales, it can be difficult to identify. Station history information is useful for identifying when artificial biases might arise. On a global scale, Gaffen (1994) discussed temporal inhomogeneity problems | of radiosondes worldwide and Gaffen (1996) compiled known changes in radiosonde instrumentation and reporting practices up to 1993. Elliott and Gaffen (1991) reviewed the radiosonde history of the NWS with an emphasis on moisture data. These studies considered effects of changes in recording and data processing as well as instrument changes.
Two of the major differences among radiosondes are their use, or lack thereof, of temperature corrections for exposure to long-and shortwave radiation, and in the type of sensors used for humidity (see, e.g., McMillin et al. 1992) . In particular, the Vaisala instruments use quite different sensors from the VIZ sensors for temperature and humidity, and furthermore, the Vaisala signal processing unit has built-in short-and longwave radiation adjustments. So the Vaisala data transmitted over the global telecommunication system (GTS) are adjusted while the VIZ observations receive no radiation adjustment before transmission.
Luers and Eskridge (1998) compared calculations of the radiation effects, both long-and shortwave, on various types of radiosonde temperature sensors, including the VIZ and Vaisala radiosondes discussed here. They show that the raw observations from both sensors have radiation problems (even after Vaisala's recommended corrections) and they suggest additional adjustments. Chamber tests of humidity elements can be found in Blackmore and Taubvurtzel (1999) . Examples of field comparisons of humidity sensors can be found in Schmidlin and Ivanov (1998) , who compared relative humidity sensors directly, and Zipser and Johnson (1998) who compared operational results in the Pacific. Both studies found discrepancies between the VIZ and Vaisala relative humidity measurements. Vaisala observations were generally drier than VIZ observations in high humidity conditions, such as in the Tropics (Zipser and Johnson 1998) , but were more moist at low humidity (Schmidlin and Ivanov 1998) .
Until 1989, the U.S. National Weather Service upper-air radiosonde observations were made entirely with instruments manufactured by VIZ Corporation or its predecessors. Since then, NWS procurement practice requires that there be two vendors whose radiosondes are used in the network to ensure a continuous supply. The lowest bidder supplies about twothirds of the sondes and the next lowest, one-third of the sondes. Thus, as new bids are requested, the potential exists for changes in sonde characteristics every several years or so. Between 1989 and 1995, NWS used instruments from Space Data Division (SDD) at some stations and, despite them using sensors similar to VIZ, there were some discernable differences (e.g., Wade 1994 Elliott et al. (1998) because the latter refers only to the start of humidity problems.] In 1995, NWS introduced the Vaisala RS80-56H radiosondes at 25 stations, and at 35 more stations in 1998. Figure 1 shows the locations of these stations. It is this change of instrumentation at some stations that we examine because the possibility exists for a shift of the monthly means of the reported quantities. Note that the National Centers for Environmental Prediction (NCEP) applies radiation adjustments to the VIZ observations and so the results shown here from analysis of the station records do not apply to the NCEP operational analyses.
DATA.
Monthly mean values of temperature (T ), dewpoint (T d ), relative humidity (RH), and geopotential height (Z) were extracted from the Monthly Aerological Data Set (MONADS; Sterin and Eskridge 1998) and processed into monthly mean anomaly time series for the period 1991-98. MONADS is a dataset of monthly upper-air statistics derived from radiosonde observations in the Comprehensive Aerological Reference Data Set (CARDS). CARDS data were in turn derived from all available worldwide radiosonde observations and put into a common format after passing through a quality control procedure (Eskridge et al. 1995; Smith 2000) . No subsequent corrections for radiation effects on the instrument (e.g., NCEP radiation adjustments) were applied to the data in the CARDS processing procedures.
We examined the records of mean monthly values of temperature (T ), dewpoint (T d ), relative humidity (RH), and geopotential height (Z) for effects brought about by the introduction of Vaisala RS80-56H sondes in November or December 1995 at sites previously using VIZ sondes. (We did not examine stations that adopted Vaisala equipment in 1998 because the version of MONADS we used ended in 1998; furthermore, VIZ sondes are now being manufactured by Sippican and there could be difficulty comparing these two nearly simultaneous changes.) Of the 25 stations that adopted Vaisala sondes in 1995, 11 had used SDD sondes or were otherwise unsuitable prior to the change and were omitted from this analysis. Of the remaining 14 stations that changed from VIZ to Vaisala, 3 stations are in the conterminous states, while 6 stations are in Alaska, and 5 stations are in the Pacific. These 14 Vaisala stations were compared to nearby "reference" stations that continued using VIZ, to reduce effects of any overall change in climate during the time period examined. These stations and their associated reference stations are listed in Table 2 . Over Alaska and the Pacific, some stations share the same reference station because there were few stations in these areas that used VIZ continuously through this period. Note that the distance between the station and its reference (Table 2) can be (unavoidably) large, especially over the Pacific. A reference station was chosen based on location (near the Vaisala station) and on the correlation of its data with the data of the Vaisala station. Correlations between each Vaisala station and its reference station for 500-hPa T and 700-hPa RH are given in Table 2 . These station pairs usually had correlation coefficients of temperature that were greater than 0.6 and often greater than 0.8. There were smaller correlations between RH values, as would be expected.
Time series of the differences between anomalies of each Vaisala station and its reference station were examined at five pressure levels (850, 700, 500, 100, and 50 hPa) for four variables (T, T d , RH, and Z). Time series were calculated for each observation time (0000 or 1200 UTC) separately. To determine if a shift in the mean is detectable at the time of the instrument change, we used means of the 2-yr periods before and after the change for the comparisons, that is, the 24-month mean of the variable during 1996-97 minus the 24-month mean during 1994-95. This procedure is illustrated in Fig. 2 for 100-hPa temperatures at 0000 UTC at Lihue, Hawaii, | which changed to Vaisala instruments at the end of 1995, and at Hilo, Hawaii, which did not. Statistical significance of the difference between the means was assessed with a two-tailed t test using a 5% level of significance. In this case an apparent cooling of about 2 K occurred when Vaisala sondes were introduced. Figure 3 gives the changes of the 100-hPa temperature at 0000 and 1200 UTC. The locations of the reference stations are also shown. The change to Vaisala produced an apparent cooling over the Pacific and over southern Alaska at 0000 UTC (local day) of up to 2.3 K whereas at 1200 UTC (local night) the change produced an apparent warming over Alaska and less apparent cooling over the Pacific. The three stations in the central United States show small changes of either sign at both observation times. At the other pressures the patterns look much the same: 500-hPa temperature differences look similar to 100-hPa changes but are a bit larger, while 500-hPa changes are less than those at 100 hPa but more than at 700 hPa; the 850-hPa changes are quite similar to the 700-hPa changes. We will discuss regional and seasonal differences of the other variables below. The large differences in temperature at high levels are partly because Vaisala adjusts measurements for radiation effects while VIZ does not.
RESULTS.
Figures 4-7 summarize the differences for each station at different pressures and for the four variables. The stations have been grouped into an Alaskan group, a Pacific group, and a central U.S. group and the station differences are shown using different symbols according to region. If the differences are significantly different from zero, the symbols are shown to the left of the vertical line denoting the pressure level, otherwise the symbols are to the right of the line. Figure 4 illustrates the wide variety of apparent temperature changes accompanying the change in instruments. At both times the largest differences are seen at 100 and 50 hPa, as well as the largest spread of difference values. At 0000 UTC, apparent cooling was usually the rule with the strongest effect seen over the Pacific. At 100 and 50 hPa, the apparent cooling was greater than 2 K over the Pacific and was statistically significant at all Pacific stations. At 500 and 700 hPa, the Pacific T differences were smaller (about 1 and 0.5 K, respectively) but most were still significant. At 1200 UTC, on the other hand, most Alaska stations showed a significant apparent warming at 100 and 50 hPa, while the Pacific stations showed weak (< 1 K) cooling. The 1200 UTC T differences at levels below 100 hPa were generally not statistically significant and most values were near zero. These differences (at least at high levels) are partly explainable by the lack of a temperature correction for the VIZ measurements.
Differences in Z (Fig. 5 ) are similar to those of temperature at both times, as would be expected. At 0000 UTC apparent heights could be as much as 120 m lower (80 m higher at 1200 UTC) after the change at 50 hPa. At 500 hPa and below, the Z differences show a scatter of about ±20 m. At 1200 UTC there is a tendency for apparent height differences to be slightly more positive relative to 0000 UTC. There are a few more height differences that are statistically significant than temperature differences.
The differences in RH (Fig. 6) show substantial changes at 100 hPa, both positive and negative. (The humidity variables were not available at 50 hPa.) However, radiosonde reports of humidity with either sensor are unreliable at pressures lower than about 500 hPa because the instrumental responses are poor at cold temperatures and low water vapor. Nevertheless, since values at these levels are reported, the effects of the instrument change need to be considered. At 500 hPa and below, values of RH show little difference between 0000 and 1200 UTC, and range between -8% to +6% with mixed significance. One notably significant difference is at 850 hPa, where Pacific stations show apparent drying of 4%-8% with the introduction of Vaisala instruments. This | is consistent with the findings of Zipser and Johnson (1998) . Figure 7 shows changes in T d , which combine features seen in the T and RH differences as might be expected. Most stations show apparent drying when the Vaisala sonde was introduced, especially at 100 hPa, and more so for 0000 UTC than for 1200 UTC. However, like RH, T d values at 100 hPa are not reliable. The apparent drying at 850 hPa for Pacific stations, seen in RH, is also evident for T d .
A general point apparent in Figs. 4-7 is that there are distinct regional differences in the response to the instrument change, especially at the lower pressures. Figures 4 and 5 show some regional separations in the 100-and 50-hPa T and Z differences among the stations; the Pacific stations show a larger negative change at 0000 UTC while the Alaska stations show large positive differences at 1200 UTC. Regional variations in the differences of the moisture variables, are most obvious for 100-ha RH at 1200 UTC where most Pacific stations show a significant apparent moistening, while Alaskan and central U.S. stations show drying. Another difference is for Pacific stations at 850 hPa, where drying for Pacific stations is generally only slightly larger than other stations but is statistically significant. The reasons for the regionality Schmidlin and Ivanov (1998) reported field comparisons between radiosondes where the VIZ-reported RH was higher than that of Vaisala when RH was greater than 60%, but was drier than Vaisala at low RH. VIZ-reported RH was also drier when temperatures were below zero. Although the Pacific drying we report for 850 hPa is consistent with moister VIZ measurements relative to Vaisala at high RH, the difference in sign of the 100-hPa RH results (Pacific moistens, Alaska dries) does not seem to be explainable in this way.
Another general factor is the difference between 0000 and 1200 UTC results. To look more carefully at the day-night temperature differences we averaged the five Pacific stations, and the six Alaskan stations, into two regional groupings and subtracted the 1200 UTC (nighttime) temperature anomalies from the 0000 UTC (daytime) anomalies. Diurnal differences were also computed from a similar regional averaging of the reference stations. Figure 8 shows the 0000-1200 UTC temperature differences at 100 and 700 hPa for the Alaska stations that changed to Vaisala radiosondes, keeping in mind that Vaisala adjusts the temperatures for radiation while VIZ does not. There is a distinct annual cycle in the day-night differences prior to the change of instruments, especially at 100 hPa. The largest 0000-1200 UTC T differences occur during the summer months, and the smallest during winter. Because Alaska has extended daylight in summer and almost complete darkness in winter, the annual cycle of dif- | ferences suggests that solar radiation effects are pronounced for VIZ instruments. This might be expected since observations from VIZ radiosondes are uncorrected for radiation effects and it also suggests that the shortwave radiation effects dominate the longwave effects here. The annual cycle of differences is virtually gone after the change to Vaisala instruments. The reference stations (not shown) showed no particular break throughout the period, continuing the annual cycle throughout the period of record and demonstrating that the change was not due to natural variations. At 700 hPa (Fig. 8b ) the annual cycle in the temporal differences before the change is less prominent than at 100 hPa although there is still a change from warmer daytime conditions with VIZ (i.e., positive 0000-1200 UTC differences) to almost no difference between day and night with Vaisala. The reduced annual cycle at 700 hPa would be expected since radiation effects are most severe at high altitudes (i.e., Luers and Eskridge 1998) .
Comparable plots for the Pacific stations (Fig. 9 ) show, at best, a hint of an annual cycle in the diurnal differences at 100 hPa. Prior to the change, the 0000 UTC temperatures were warmer than those at night at both 100 and 700 hPa. After the change, the 100-hPa anomalies show very little day-night difference (although the differences are noisier than for Alaska, shown in Fig. 8 ) but at 700 hPa the bias changed from warmer daytime conditions to cooler daytime conditions. This result is unlikely to be radiation-related and differs from the comparable 700-hPa result for Alaska (Fig 8) .
The other variables also display day-night differences (not shown). The RH differences are relatively small, generally 1%-2% although they can be as high as 6% drier at night in the Pacific at 100 hPa. The 0000-1200 UTC T d differences are of the same magnitude and signs as the T differences. Day-night differences for the three conterminous stations (not shown) are within ±0.5 K and show little change after the switch to Vaisala. Since the 0000 and 1200 UTC observation for those stations are both taken when the sun is not so high (e.g., 0600 and 1800 LST at 90°W), it is perhaps not surprising that the impact is small.
Evaluation of seasonal differences is more uncertain since seasonal averages over the 2-yr period before or after the change are based on only 6-monthly 24 months for annual averages) , but there appears to be little difference between cold season and warm season patterns of temperature differences at each observation time. However, after the change in instruments, dewpoint differences at 700 hPa (not shown) indicate an apparent drying in the warm season but moistening in the cold season in the Pacific and the reverse in Alaska, that is, cold season drying and warm season moistening.
To summarize: at 14 radiosonde stations that changed from VIZ sondes to Vaisala sondes in 1995, substantial differences in mean monthly values of several variables were produced. Differences in monthly values of temperature could reach ±3 K at 50 hPa, ±2 K at 100 hPa, and ±1 K in the lower troposphere. Comparable changes in Z were ±80 m at 50 hPa, ±60 m at 100 hPa, and ±20 m at 850 hPa. Relative humidity changes were about ±5% at 500 hPa and lower. (Suspect values could be as high as -20% at 100 hPa.) Changes in dewpoint were nearly +1 K to -3 K, at 500 hPa and below. (Changes of nearly -12 K were found at 100 hPa.) The magnitude and even the sign of these effects from the time of the instrument change depended on the elevation (pressure), on where the observations were made, on the time of observation, and on the season. DISCUSSION. Our purpose in this note is to document recent changes in the U.S. NWS upper-air observing network and to quantify the differences in upper-air records when a subset of the station network changed from VIZ to Vaisala radiosondes. These differences between the data records from the two types of radiosondes depend on the height of the observation, the time of day, the region, and the season. Therefore, no single networkwide adjustment will bring the monthly records into alignment. Any adjustment strategy must consider each station's characteristics; geographic location (or at least latitude), seasonality, ambient temperature and humidity, and must vary with altitude. While many of the differences between the two radiosondes may reflect effects of the angle of the sun on the instrument and therefore on the radiation adjustments (or lack thereof), that is not likely to be the sole cause (see Luers and Eskridge 1998) . Even at and below 500 hPa, where any radiation corrections are minor, some records show systematic differences. Furthermore, the two sondes use different types of relative humidity sensors which are the likely source of differences in relative humidity.
Many of the changes listed are the results of improvements in sensors or practices that make the observations better or more cost-effective for forecasting purposes. Nevertheless, instrument changes have a deleterious effect on the long-term radiosonde records that are used for detecting climate change. The instrumentation changes resulting from the twovendor practice as well as other NWS changes such as the moving of some stations in the U.S. network (see appendix) is evidence that homogeneity of the U.S. upper-air climate record is more precarious than ever. The practical reality is that changes will continue in the network and so analysts will have to cope with inhomogeneous records. For instance, NWS is contemplating an entirely new replacement sonde that will incorporate quite different sensors.
These considerations illustrate a wider problem than just the switch from VIZ to Vaisala in the NWS network. There are other sondes besides these two in use around the world. All these instruments may change or new ones may be introduced. The VIZ instrument is now produced by Sippican and while we have not evaluated the effect of this change there may well be differences even though the same sensors are used. Vaisala has a new sonde, the RS90, which could be adopted in the future, not only by the United States but in many other countries. A laudable effort to quantify bias characteristics of operational radiosonde types is the World Meteorological Organization (WMO) Commission for Instruments and Methods of Observations (CIMO) radiosonde intercomparison program (e.g., Schmidlin and Ivanov 1998) . Also, there can be changes in data processing that have little to do with sensors, for example, Elliott et al. (1998) . All these factors make constructing a worldwide upper-air climatology even more difficult. Detecting climatological changes will be even harder because the apparent changes resulting from instrument differences can be comparable or even larger than anticipated changes in the climate. Some principles for establishing and maintaining climate observation networks that would help the upper-air observation network continue to be useful for climate studies can be found in Karl et al. (1995) .
Results from the WMO CIMO radiosonde intercomparison program (e.g., Schmidlin and Ivanov 1998) are a useful guide to differences among instruments but are limited by their lack of an overall standard. For example, the Schmidlin and Ivanov (1998) biases are relative to the Vaisala RS80 radiosonde yet recent studies (e.g., Wang et al. 2002) have shown some biases in the RS80's humidity measurements. One step that would help reduce the problem of ongoing changes in instrumentation would be the development, and use, of a standard upper-air measurement instrument, probably some form of radiosonde, | to which all upper-air measurements could be referenced. [Such a standard has been recommended by the National Research Council; NRC (1999) .] This device must be as accurate as possible under constraints of cost and deployment. The instrument would have to be one that does not change or, if technological advances make such a change desirable, then careful calibration intercomparisons between the new and older device would need to be carried out. Such a system could be used to reduce the world's upperair observations to a common reference. The comparisons between instruments and this device would have to encompass many climatological regimes, as the effects on instrument systems are different in different regimes. The device would be valuable for reducing temporal shifts in the mean such as we have shown here and so help produce homogeneous climate records. It would also assist in evaluating other systems for measuring upper-air properties, such as ground-or space-based remote sensing devices. Table A1 The tables are arranged so that the WMO identifying number is given first, the name of the station is given next and then the subsequent entries give the type of sonde that was in use during which time. If the entry is "n/a," that sonde was not used at the station. The listings are given under the WMO number and the name of the most recent station location (see Table A2 ). Table A2 lists the NWS stations that have moved during the period 1988 to 2001. In some cases the move was so close to the old location that the name of the station has not changed, for example, Anchorage, Alaska, while others have required a change of name, for example, West Palm Beach to Miami. In one case, Wake Island, the station closed. The moves have been part of the modernization of the NWS, which led to consolidation of sites at or near NWS forecast offices. 
APPENDIX: RADIOSONDE CHANGES. In

